This study was conducted to evaluate the bonding ability and the interface characteristics for four different joints produced by explosive welding. Three joints were elaborated using copper-nickel alloy as base plate with either stainless steel, carbon steel and commercially pure aluminum as flyer plates. The fourth joint was of commercially pure aluminum as base plate and carbon steel as flyer plate. Different explosive ratios and stand-off distances were applied. Experimental results showed good bonding quality in all joints. By increasing explosive ratio, at small stand-off distance of 2mm, fiat bonding interface was transformed to a wavy bonding interface in all joints. The form regularity and amplitude of the obtained wavy interface depend on the type of welded materials. Increasing the stand-off distance also transforms the flat interface, obtained at the small explosive ratio R= 1.4, to a wavy interface, only when the flyer plate was of (FCC) structure. When carbon steel flyer plate of (BCC) structure was used, increasing the stand-off distance showed no major modifications on the interface morphology. It was found that hardness on both sides of the interface was increased due to the high plastic flow that occurs in these regions. This hardening effect was very pronounced in the joints having a flyer plate made of carbon steel with higher coefficient of strain hardening. EDS and WDS analysis showed that diffusion did not take place between the welded plats however, diffusion was observed only in local melting zones along the interface.
INTRODUCTION
Explosive welding is a solid-state process in which controlled detonation of high explosives is used to join two or more materials together under high pressures [1] . In this technique, energy produced by explosives is used to accelerate a material (flyer plate) across a predetermined distance (stand-off distance) into contact with other material (base plate) Fig. 1 , and bring the weld surfaces together in a high velocity collision which produces excessive but localized plastic flow at the interacting surfaces [2] . While the process is usually described as a cold technique, meaning that no external heat is used to promote the bonding, high-localized temperatures are normally generated at the welded interface due to the dynamics of the process [3] . The combination of pressure, heat and plastic flow can produce an interface bond having strength equal to or greater than that of the parent material. While the process can be used to weld together two or more pieces of the same metals, its major industrial potential lies in the fact that it can be used to weld together combinations of different metals, many of which are hard or even impossible to join by any other means [4] .
Explosive welding and cladding of some metals with a corrosion resistant overlay has a number of advantages and are extensively used in chemical tankers, pressure vessels and pipes to heat exchangers since it is capable of producing large effective area of bonding between the two different welded materials [5] . The explosive welding technique provides a solid-state bond without HAZ to degrade its strength as it is typical of all other heat-dependent welding or joining processes [6] .
Morphologically, two types of explosion weld interface can be created, first is the flat or straight-line interface, which occurs only when the collision conditions are at the lower limits for jetting i.e. The obliquity dynamic angle J3 of collision lies above the minimum angles for jetting and below the limiting obliquity angle for wave-no wave boundary. Above this limit the explosion weld interface will have a wavy morphology. This wave formation has been the subject of considerable investigations [7, 8] . Its formation can be explained by the localized dynamic compression of the two metals in the region immediately adjacent to the collision point and weld interface 191 The compression causes localized bulk flow of the metals which becomes unstable and make the weld interface to deform above and below the theoretical plane of the interface as shown in Fig. 2 . The size of the wave pattern is the post-welding characteristic that can be used to determine the collision conditions used to establish the weld. The wavelength or frequency of the interfacial wave in an explosion weld is directly related to the thickness of the prime (Flyer) plate, its angle of collision with the base plate and the amount of energy liberated by the used explosives [10, 11] .
The objective of the study is to investigate the nature of the weld interface resulting from explosive welding of different combinations of materials with distinct different properties under various explosive welding conditions.
EXPERIMENTAL PROCEDURE :
Parallel plates arrangement was used in the experimental set-up applied for explosive welding of the different combinations of metals and alloys as schematically shown in Fig. 1 . four types of distinctly different materials ware used in this study to provide four different joints as shown in Table 1 Metallographic examination of the different specimens and the nature of the corresponding interface were carried out using optical and scanning electron microscope (SEMA 202). Energy-Dispersive X-ray Spectrometry (EDS) and waveDispersive X-ray spectroscopy (WDS) were used to determine the variation of composition and the distribution of the different elements along a line through the interface.
Micro-hardness measurements were carried out using a micro-hardness testing machine type Zwick 32/20 using a load of 100g. For each specimen, three measurements were taken at the different distances from the interface and the average values were determined to establish the hardness distribution along the interface.
RESULTS AND DISCUSSIONS
According to the used values of explosive ratio R and the detonation velocity of explosive Vd the speed of the flyer plate Vp and obliquity dynamic angle p were determined as shown in Table 3 . Increasing the explosive ratio from (R = 1.4) to double its value (R=2.8) increases the flyer plate velocity Vp from 882 m/s to 1250 m/s and the obliquity dynamic angle j3 from 14.4° to 20.5°. stand-off distance (S) was adjusted to be either 2 mm or 8 mm.
Fig. 3, illustrates the explosive welded joint of stainless steel and Copper-Nickel alloy using a stand-off distance S=2 mm and an explosive ratio R= 2.8. We can note that the obtained interface has regular wavy structure generated due to the formation of transient fluid like behavior under high pressure in the collision region [12, 13] . This type of interface is characterized by better mechanical properties [14] . The distributions of Fe and Cu along a line through the joint interface by x-ray wave dispersive spectrometry (WDS) are shown in Figs. 4 and 5, where we can note that the transition of the distribution at the interface is very sharp and abrupt indicating that no diffusion took place. Moreover, this fact was also confirmed by analyzing the joint at 10 pm from both sides of the interface using x-ray energy dispersive spectrometry (EDS). It can be seen from Figs.6 and 7. that the results of the EDS analysis in the stainless steel and copper sides showed similar contents to that illustrated in Table 2 and indicating that there was no-diffusion through the interface during the explosive welding process. This results is consistent with the published previous works [15, 16] . The wavy interface was transformed into a flat interface when the explosive ratio is decreased to 1.4 as shown in Fig. 8 .
When a wider stand-off distance (S=8 mm) was used a wavy interface was obtained even in the case of low explosive ratio (R = 1.4) as illustrated in Fig. 9 , where the distribution of Fe and Cu were given along the initial interface. Fig. 10 ,_ illustrates the explosive welded joint of carbon steel and copper-nickel alloy obtained using a stand-off distance S=2 mm and an explosive ratio R=2.8. The resulting interface is of irregular wavy nature of relatively small amplitude that can be attributed to the internal structure of the used carbon steel which is Ferritic-pearlitic and possesses higher coefficient of strain hardening.
On the other hand, the interface is outlined by the characteristic sharp transition between the two materials, nevertheless, local melting zones were also encountered in some regions along the interface. In fact, the dissipation of the kinetic energy at the interface as a source of heat may be sufficient specially under high explosive ratio to cause bilateral melting across the interface and diffusion within the molten layers. As illustrated in Fig. 11 . EDS analysis on carbon steel side, copper-nickel alloy side, and local melting zone are illustrated in Fig. 12 . We can note that the EDS analysis in the local melting zone contain important contents of Fe and Mn which were not originally present in the copper-nickel alloy, confirming the occurrence of diffusion within the local melting layer. When the explosive ratio was reduced to 1.4 for the same joint and stand-off distance the interface reveals only a flat morphology as shown in Fig. 13 . When the stand-off distance was increased to S = 8 mm the interface morphology was not subjected to major modifications.
The explosive welded joint of carbon steel and commercially pure aluminum obtained using a stand-off distance S=2 mm and an explosive ratio R=2.8 is illustrated in Fig. 14. The resulting interface revealed a coarse wavy stretched morphology, where a high degree of rotation takes place with clear sign of local melting as shown in Fig.  15 . This form of interface was explained by the formation of front vortex due to flow instability, indentation action, and trapping of re-entrant jet [17, 18] .
This form of interface allows the formation of high degree of interlocking between both welded materials and consequently provide extremely high contact area along the formed interface as shown in Figs This flat interface remains flat even if the sand-off distance was increased to S=8 mm, which confirms that the structure of the flyer plate plays a major role in controlling the nature and morphology of the resulting interface. Fig. 20 , illustrates the explosive welded joint of commercially pure aluminum and copper-nickel alloy using a stand-off distance S=2 mm and an explosive ratio R=2.8. The resulting interface is of small amplitude wavy nature. In some regions along the interface a clear local melting zone can be seen as shown rin Figs. 21 and 22. which can be attributed to the high pressure generated by using a high explosive ratio.
On the other hand, the distribution of both Aluminum and copper along a line perpendicular to the interface by WDS showed a gradual variation of one side of the joint to the other which proves the occurrence of sensible diffusion in this melting zone. When the explosive ratio was reduced to 1.4 for the same stand-off distance and the same type of joint, the interface becomes completely flat without any signs of local melting as shown in fig. 23 . Increasing the stand-off distance to S=8 mm a wavy interface was obtained for any value of the explosive ratio R.
Hardness was measured along a line perpendicular to the interface in each type of the adopted joints and under different values of explosive ratio (R) and stand-off distance (S) to determine the resulting hardening that may take place in each joint on both sides of the interface due to the induced plastic flow. Different degrees of hardening was obtained in each joint but the maximum hardening effect was produced when the stand-off distance was S=8 mm and the explosive ratio was R=2.8. Figs. 24, 25, 26 and 27, display the hardness distributions measured on the different joints when the stand-off distance was S=8 mm. It can be noted generally that the maximum hardening effect was realized when the high explosive ratio R = 2.8 was applied. Moreover, the used carbon steel with its ferritic-pearlitic nature demonstrates the highest degree of strain hardening. This can justify and explain the nature of the morphology of the obtained interface obtained in this case which revealed net difference from those material having austenitic or FCC structures.
CONCLUSIONS:
1. Couples of dissimilar materials having different melting points cannot be joined by conventional welding methods; however these couples can be joined by explosive welding using suitable parameters.
2. For small stand-off distance (S=2 mm) the obtained interface in all joints was flat, in case of using low explosive ratio (R=1.4). This interface transforms into wavy form when using higher explosive ratio (R=2.8).
3. The form, regularity and amplitude of the obtained wavy interface depend on the composition and structure of welded materials.
4. When a big stand-off distance (S=8 mm) was used wavy interface was obtained, even in the case of low explosive ratio (R=1.4), in the joints made of plates having FCC structure (stainless steel/ Cu-Ni alloy and pure aluminum / Cu-Ni alloy).
5. On the contrary, when a big stand-off distance (S=8 mm) was used in the explosive welding of joints having a flyer plate made of carbon steel of BCC structure the interface morphology was not subjected to major modifications compared to the case when small stand-off distance (S=2 mm) was used. This proves that the flyer plate structure has a deep effect on the interface morphology of explosive welded joint.
6. EDS and WDS analysis proved that the explosive welding is a diffusion less joining process, nevertheless when the explosive ratio is high (R=2.8), local melting zones can be observed along the interface, where diffusion may take place.
7. Hardness measurements revealed the occurrence of sensible hardening on both sides of the interface in all joints due to the significant cold plastic deformation. This hardening effect is very pronounced in the joints having a flyer plate made of carbon steel of BCC structure and characterized by a high coefficient strain hardening. Distance from Inteface (pm) Fig. 27 .Hardness distribution through the interface in the explosive welded joint of Commercially pure Aluminum and Copper-Nickel alloy obtained using a stand-off distance S=8 mm and an explosive ratio R=2.8.
